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Abstract: Lenses within the schizochroal eyes of phacopine trilobites are made principally of 
calcite and characterisation of them using light microscopy and high-resolution electron 
imaging and diffraction has revealed an array of microstructural arrangements that suggest a 
common original pattern across the suborder. The low convexity lenses of Odontochile 
hausmanni and Dalmanites sp. contain calcite fibres termed trabeculae. The c axis of 
trabecular calcite lies parallel to the lens axis, and adjacent trabeculae are distinguished by 
small differences in their a axis orientations. Despite the common alignment, the boundaries 
between trabeculae cross-cut the c axis as they fan out towards the lens base. Trabeculae are 
absent from the lens immediately beneath the visual surface and instead a radial fringe is 
present and is composed of micrometre-thick sheets of calcite whose c axes are oriented at a 
low angle to the visual surface. High convexity lenses are more common than those of lower 
convexity among the species studied, and they have a much thicker radial fringe. Beneath this 
fringe all of the lens calcite is oriented with its c axis parallel to the lens axis and it lacks 
trabeculae. We propose that both the high and low convexity lenses formed by rapid growth 
of calcite from a surface that migrated inwards from the cornea, and they may have had an 
amorphous calcium carbonate precursor. The trabeculae and radial fringes are unlikely to 
have had any beneficial effect on the transmission or focusing of light but rather are the 
outcomes of an elegant solution to the problem of how to construct a biconvex lens from a 
crystalline solid. 
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THE in vivo internal structure, chemical composition and possible mode of functioning of the 
schizochroal eyes of the Lower Ordovician to Upper Devonian trilobite Suborder Phacopina 
have been the focus of considerable attention, and in recent years some controversy (e.g. 
Bruton and Haas 2003; Schoenemann 2007; Lee et al. 2007; Schoenemann and Clarkson 
2008, 2011; Schoenemann et al. 2008; Torney et al. 2008, 2009). Schizochroal eyes are 
unique in the animal Kingdom (Fordyce and Cronin 1989, 1993; Clarkson 1997; Clarkson et 
al. 2006 and references therein) and the lenses of trilobite eyes, like the rest of the 
exoskeleton, were made principally from calcite. The birefringent properties of this mineral 
mean that all light rays entering the lenses, with the exception of those travelling parallel to 
the crystallographic c axis of calcite, undergo double refraction. This phenomenon has 
important implications for using calcite in the construction of a visual system. Optical 
modelling of lenses in schizochroal eyes (e.g. Clarkson and Levi-Setti 1975; Gál et al. 2000; 
Bruton and Haas 2003) and determination of overall eye function (e.g. Cowen and Kelley 
1976; Stockton and Cowen 1976; Schoenemann 2007) have all assumed that calcite had a 
uniform crystallographic orientation throughout the lenses. However even the early studies 
using transmitted light microscopy had shown that regions of the lenses differ in their 
crystallographic orientation (Towe 1973), and more recently it has been found that the lenses 
of many phacopine species are microstructurally complex (Bruton and Haas 2003; Torney et 
al. 2008, 2009). As lenses have also been extensively but variably diagenetically altered 
(Miller and Clarkson 1980; Lee et al. 2007, 2012) it is necessary to clarify their present-day 
microstructure so that their in vivo properties can be determined, and their growth and optical 
function can be properly understood. The new insights reported here have been enabled by 
the development of Electron Backscatter Diffraction (EBSD). This is a relatively new SEM-
based technique for determining the crystallographic orientation of minerals at high spatial 
resolutions, and has already been applied with considerable success to understanding the 
growth and function of the shells of marine invertebrates (e.g. Dalbeck et al. 2006; Schmahl 
et al. 2009). 
 
SCHIZOCHROAL EYES 
Unlike the more common holochroal trilobite eyes that typically comprise a large number of 
small (~100 µm) lenses packed in direct contact with one another and overlain by a common 
cornea, schizochroal eyes contain fewer and larger (~0.2−1 mm) lenses arranged in dorso-
ventral files and diagonal rows, separated by interlensar sclera (Clarkson et al. 2006). Each 
lens is covered by its own cornea, which plunges below the lens to form part of a cylindrical 
cavity, or capsule (Clarkson 1967; Bruton and Haas 2003), which is likely to have housed 
photoreceptive cells (e.g. Schoenemann et al. 2008). In some specimens the lenses are 
preserved as doublets with the curvature between the upper lens unit and the intralensar bowl 
interpreted as an aplanatic (blur-reducing) interface (Clarkson and Levi-Setti 1975). 
Determination of lens chemical compositions in the specimen of Dalmanites studied by 
Clarkson and Levi-Setti enabled Lee et al. (2007) to postulate that the focusing of light was 
facilitated by concentration of magnesium into the intralensar bowl, thereby lowering its 
refractive index. A third component, the so called core, may also be present within such 
lenses (Clarkson et al. 2006 and Fig. 1), and could have been beneficial to image formation 
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(Egri and Horvath 2012). Recent work by Lee et al. (2012) has shown that lenses in the 
schizochroal eyes of many phacopine species had an in vivo composition of ~7.5 mole% 
MgCO3 (i.e. they were made from high-Mg calcite). High-Mg calcite bowls may therefore 
have been originally present in all lenses, but if so they are no longer recognisable in most 
specimens owing to redistribution and/or loss of magnesium during the diagenetic 
recrystallisation of high-Mg calcite to low-Mg calcite plus microdolomite (Lee et al. 2012). 
Miller and Clarkson (1980) proposed that the constituent lenses of schizochroal eyes 
grew in a series of stages as an open-mesh construction of calcite sheets, or lamellae, each 
consisting of numerous fibres termed trabeculae. The crystallographic orientation of calcite 
within this mesh-work has been the matter of some debate. Each lens in the eye of Phacops 
[=Eldredgeops] rana was reported by Towe (1973) to consist of a polycrystalline corneal 
covering, in which the crystallographic c axis of the radial crystals is perpendicular to the 
external lens surface, and a sub-corneal region that comprises a single calcite crystal with its 
crystallographic c axis oriented parallel to the lens axis. Clarkson and Levi-Setti (1975) based 
their model of lens function on this uniform lens calcite orientation. However, Campbell 
(1975) showed that in addition to the two layers discussed by Towe (1973) the lenses of 
Eophacops, Paciphacops, Phacops and Reedops included an ‘upper unit’ (beneath the 
cornea) of variable thickness with changing c axis orientation. Campbell concluded that the 
polycrystalline cornea probably had random rather than radial microstructure. More recently 
Bruton and Haas (2003) identified a radial upper unit in lenses of Geesops sparsinodosus 
similar to that described by Campbell (1975) and attributed the change in c axis orientation to 
the presence of numerous small crystals. High-resolution mapping of the crystallographic 
orientation of lens calcite by EBSD has recently shown that two microstructurally distinct 
units occur beneath the cornea of Geesops sparsinodosus and Ananaspis macdonaldi (Torney 
et al. 2008, 2009): an upper ‘radial fringe’ and a lower lens region, corresponding to the 
upper unit and sub-corneal region as described by Campbell (1975) and Towe (1973) 
respectively. 
Here we present new observations on the microstructure of schizochroal trilobite eyes 
made using light microscopy and a suite of electron imaging and diffraction techniques. By 
combining these new results with published work, we posit a model for lens growth and in 
vivo lens microstructure that will provide the basis for a re-evaluation of lens function. 
 
MATERIALS AND METHODS 
In the broader study of which this communication is part, we analysed the microstructures of 
the schizochroal eyes of 21 species of phacopine trilobites representing 13 genera covering a 
wide stratigraphical range and geographical distribution (Torney 2010; see also Table 1 in 
Lee et al. 2012). They therefore represent a wide spread of taxonomic groups and likely 
diagenetic histories. The specimens described and illustrated here are housed in the Hunterian 
Museum, University of Glasgow (numbers prefixed GLAHM), National Museums of 
Scotland (NMS) and Natural History Museum, London (NHMUK). 
With the exception of the Dalmanites sp. thin sections originally described by 
Clarkson and Levi-Setti (1975), all thin sections used in this study were freshly prepared. 
Initially, epocure epoxy resin was applied to any exposed areas of the visual surface of the 
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trilobite eye to provide a layer of protection and to minimise any subsequent damage, 
especially to the cornea. Large specimens and those held within a rock matrix were trimmed 
to a more manageable size prior to embedding, then the resin was poured into moulds within 
which specimens had been placed in the desired orientation. Once hardened, the resin blocks 
were ground using silicon carbide paper until the lenses were exposed. Blocks were mounted, 
exposed surface down, onto pre-ground glass slides using a small amount of epothin resin 
and placed in a press to set. Glass slides with sample blocks were sawn and ground to ~50 
µm thickness, then ground further to ~30 µm using diamond lapping plates. Two stages of 
polishing using 1 µm and 0.3 µm alpha alumina preceded the final stage of polishing using 
0.04 µm colloidal silica solution. 
The thin sections were made in two orientations relative to the eye: one with the plane 
of the thin section normal to the visual surface and so parallel to the lens axis (termed PLA, 
Fig. 2), and the other with the plane of the thin section normal to the lens axis (termed NLA). 
Most of the PLA thin sections were cut parallel to the palpebral lobe (termed ‘horizontal’, 
Fig. 2A) but some were made at an angle to the palpebral lobe and these orientations are 
referred to as ‘diagonal’ or ‘intermediate’ (Fig. 2B, C). The width and spacing of lenses seen 
in PLA thin sections will be determined by the orientation and positioning of the section in 
addition to the packing of lenses in the eye (Fig. 2).  
All thin sections were studied initially in transmitted light, both plane polarized and 
between crossed polarizers, and in reflected light using a Zeiss Axioplan petrological 
microscope. Images were captured using a Nikon DN100 digital Net Camera. Secondary 
electron (SE) and backscattered electron (BSE) images were also obtained from carbon 
coated thin sections using a Quanta 200F field-emission SEM operated at 20 kV and high 
vacuum. Information on the crystallographic orientation of calcite in the lenses, sclera and 
cements was then obtained by EBSD (e.g. Randle and Caul 2006; Prior et al. 1999) using a 
TSL-EDAX OIM 2000 system attached to the Quanta SEM. Most of the work was 
undertaken on uncoated thin sections (see Torney et al. 2009) with the SEM operated at low 
vacuum (~50 Pa). For the occasional high vacuum work the thin sections were coated with 
2.5 nm carbon (Pérez-Huerta and Cusack 2009). Typical SEM operating conditions for EBSD 
were 20 kV and a high beam current (beam currents are not quantified by this instrument) 
with the thin section tilted at 70º towards the EBSD camera. Although scan parameters were 
varied according to factors such as size of the field of view, typically the system was run so 
that it acquired ~10-20 Kikuchi patterns/sec. at a step size of ~0.1 µm. For all of the samples 
described here the Kikuchi patterns were indexed using structure files for calcite (R3�c: a= 
0.4991 nm, c = 1.7062 nm, β = 120º). The EBSD data were processed and presented using 
TSL OIM 5.2 software. Image quality (IQ) maps display the quality of the backscatter 
Kikuchi pattern using a greyscale (where black indicates very poor quality and white is good 
quality). Inverse pole figure (IPF) maps represent the crystallographic orientation of calcite 
whereby a colour coding indicates which lattice planes are oriented such that their poles (i.e. 
the plane normals) are parallel to a designated reference direction (Appendix S1). Tolerance 
maps show the angular deviation of all parts of a scanned area relative to a designated 
reference point on the map. The deviations are colour coded and the colour scale is shown 
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next to the relevant image. The orientations of poles to specific lattice planes are also plotted 
on stereographic upper hemisphere pole figures. 
Thin foils of parts of the lenses of Dalmanites sp. were prepared using the focused ion 
beam (FIB) technique for examination of their microstructures by TEM. The FIB work used a 
FEI Duomill operated at 30 kV. Following the procedure of Lee et al. (2003) ~1000 nm thick 
foils were cut from the surface of the thin section using Ga+ ions, then were welded to the 
tines of a copper support grid in-situ using electron- and ion-deposited platinum and finally 
milled to a thickness of ~100 nm. The copper grids were loaded into a double-tilt goniometer 
specimen holder then diffraction contrast images and selected area electron diffraction 
(SAED) patterns were obtained using a FEI T20 TEM operated at 200 kV. 
Hitherto, the crystallographic orientation of trilobite lens calcite has been described 
with reference to the c axis only, but the EBSD and TEM techniques used in the present study 
have enabled the investigation of other planes and directions (Appendix S1). The calcite c 
axis has a Miller-Bravis index of <0001> and is coincident with the pole to the {0001} 
planes. The three a axes are coincident with the poles to {21�1�0} planes and have Miller-
Bravis indices of <21�1�0>. The a axes lie normal to the c axis as do the poles to {101�0} 
planes, also referred to as the mirror (m) planes, which are coincident with <101�0>. The 
<413����0> directions are normal to the {413����0} planes and the c axis, and plot on the 
circumference of the stereogram approximately mid-way between <101�0> and <21�1�0> 
(Appendix S1). Within any one lens the crystallographic orientation of calcite varies, but 
most of it is oriented such that its c axis is parallel to the lens axis and its a axes bisect each 
of the surrounding six lenses (Fig. 2). The plane of horizontal PLA thin sections lies normal 
to one of the a axes of lens calcite (Fig. 2B). In the diagonal orientation <101�0> is normal to 
the plane of the thin section (Fig. 2D) whereas the plane of intermediate PLA thin sections is 
approximately normal to <413����0> (Fig. 2C). The orientation of the thin sections will also 
determine the number and orientation of {101�4} cleavage planes and {1�018} e twin planes 
that may be observed within the lens calcite (Appendix S1). 
 
RESULTS 
With no living relatives of trilobites or close modern analogues for the schizochroal eye, the 
task of distinguishing in vivo lens microstructures from products of diagenesis must rely 
heavily on the identification of recurring features in different samples and on comparisons 
with the microstructures of the interlensar sclera, the cornea and early diagenetic cements. 
The orientation relationships between calcite in the lenses, and in the sclera, cornea and 
cements can also provide information on the mechanisms and relative timing of 
crystallisation of each of these features. 
 
Lens shape and microstructure 
The lenses examined can be divided into low and high convexity types. When viewed in 
plane polarized transmitted light, lenses of both types may be entirely turbid, entirely clear, or 
contain turbid and clear areas (Lee et al. 2012). In some cases these turbid and clear areas 
define the bowl and core (Fig. 1). The two lens shapes also correspond well with intralensar 
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variations in crystallographic orientations as revealed by transmitted light microscopy (Fig. 3) 
and EBSD. 
 
Low convexity lenses 
In PLA thin sections these lenses are more oval than the high convexity ones and they occur 
in the eyes of Dalmanites sp. and Odontochile hausmanni. When viewed in transmitted light 
and between crossed polarizers most of the calcite in each lens extinguishes at the same point 
during rotation of the microscope stage (Fig. 3). There is however a very thin (~10-30 µm) 
band of sweeping extinction immediately beneath the visual surface of the lens, termed the 
‘radial fringe’ by Torney et al. (2008). In lenses where the cornea has been preserved the 
radial fringe immediately underlies it.  
EBSD shows that the c axis of calcite beneath the radial fringe of low convexity 
lenses is composed of ~1.5-8.0 µm wide fibrous subgrains that correspond to the ‘trabeculae’ 
that have been identified previously using transmitted light (Clarkson et al. 2006, 
Schoenemann and Clarkson 2011) (Figs 1, 3, 4B). All of the trabecular calcite is oriented 
with its c axis parallel to the lens axis (Fig. 4A), but calcite in adjacent trabeculae is 
misoriented by ~2.0-2.5º of rotation about the c axis (Fig. 4C). Although trabecular 
boundaries appear planar in light microscope images and EBSD maps (Fig. 4B), higher 
magnification BSE images show that they have angular facets that are ~2-4 µm across (Fig. 
5A). Micropores also occur along trabecular boundaries (Fig. 5A) and are responsible for the 
lines of turbidity that enable trabeculae to be identified using transmitted light (Fig. 1). TEM 
images of a foil that was cut from the trabeculae in Fig. 5A reveal that their boundaries are 
sharp but irregular and orientated parallel to one of the calcite a axes (Fig. 5B). In most parts 
of the Dalmanites sp. lenses the boundaries between trabeculae are parallel to the lens axis, 
but they fan out, away from the lens axis, as they approach the lens base (Fig. 1). By contrast, 
trabeculae in Odontochile hausmanni lenses fan out from a point that is much closer to the 
visual surface (Fig. 4B). The bases of lenses in the Odontochile hausmanni sample have been 
overgrown by calcite cements that contain subgrains of the same size and crystallographic 
orientation as trabeculae (Fig. 4B). However, although trabecular boundaries make an angle 
of up to 40º with the lens axis, the boundaries between cement subgrains lie parallel to the 
axis of the overlying lens and to the c axis of their constituent calcite (Fig. 4B). 
Trabeculae are absent from the radial fringe. The c axis of radial fringe calcite lies at 
90º to the visual surface on the lens axis, but this angle progressively decreases to ~60º at the 
lens edge. Calcite in different parts of the radial fringe is related by rotation about an axis 
normal to the c axis. In the intermediate PLA thin section of Odontochile hausmanni this 
rotation axis is coincident with <41�3�0> (Fig. 4D). TEM imaging of a foil cut through the 
Dalmanites sp. radial fringe shows that it is constructed from thin sheets of calcite that are 
reminiscent of the ‘subconcentric laminae’ described from the upper unit of Phacops 
[=Eldregeops] rana by Miller and Clarkson (1980). The boundaries between sheets are 
parallel to the trace of (0001) planes and to the visual surface of the lens (Fig. 6). 
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High convexity lenses 
These lenses have a much thicker radial fringe, which is represented by an area of sweeping 
extinction beneath the visual surface when the lens in thin section is rotated in transmitted 
light and between crossed polarizers (Fig. 3). Calcite beneath the radial fringe has a uniform 
crystallographic orientation, and during rotation of the microscope stage it extinguishes in 
step with the part of the radial fringe on the lens axis only (Fig. 3). Towe (1973) likewise 
described lenses containing radiating calcite crystals beneath the visual surface and an area of 
uniform extinction below. The thickness of the radial fringe is fairly consistent between 
lenses of the same species, reaching a maximum of half the lens depth in Eldregeops rana. A 
radial fringe also occurs in the lower parts of lenses of Boeckops boecki and some 
Barrandeops granulops, Geesops sparsinodosus, Phacops sp., Reedops cephalotes, Reedops 
cf. cephalotes and Reedops cf. sternbergi (Fig. 3). Miller and Clarkson (1980) described 
trabeculae in high convexity lenses of Phacops [=Eldregeops] rana that had been acid etched, 
but orientation tolerance EBSD maps of lenses of species including Eldregeops rana show 
that calcite beneath the radial fringe lacks such microstructures (Fig. 7C). Nonetheless the 
structures identified by Miller and Clarkson (1980) may provide an exception to our 
contention that all high convexity lenses lack trabeculae. Lenses are often overgrown by 
calcite cements that have adopted the crystallographic orientation of calcite at the lens base, 
whether it has a uniform orientation or a lower radial fringe (Fig. 3). 
The c axis of calcite within the upper radial fringe is oriented at 90º to the visual 
surface on the lens axis and this angle decreases slightly to ~80º at the lens edge. In some 
specimens c axis orientations vary steadily through the fringe (Fig. 7A, C) whereas in others 
the fringe is composed of ~5-25 µm sized subgrains whose boundaries are orientated 
approximately parallel to the calcite c axis (Fig. 3). As the subgrains have a uniform 
orientation internally, the orientation of radial fringe calcite changes in a stepwise manner 
from the lens axis to lens edge. The upper radial fringe of species including Reedops 
cephalotes may contain curved lines that follow the profile of the visual surface, although 
becoming less convex downwards, and so correspond to the ‘subconcentric laminae’ 
described by Miller and Clarkson (1980, figure 2) and the ‘growth lines’ described by Bruton 
and Haas (2003). The crystallographic orientation of calcite in different parts of the radial 
fringe is related by rotation about a direction that is normal to the c axis and in any one lens 
this rotation axis lies normal to the plane of the thin section. For example the rotation axis is 
<21�1�0> in the horizontal PLA thin section of Geesops schlotheimi (Fig. 7). 
The three-dimensional microstructure of the radial fringe is revealed clearly in the 
NLA thin sections. They show that the c axis of radial fringe calcite fans away from the lens 
axis and in all directions (Fig. 8A). The EBSD map in Figure 8A also shows that the radial 
fringe has a rough concentric structure, which is highlighted by the crystal model overlays, 
and analogous concentric lamellae were also observed by Miller and Clarkson (1980) in 
Phacops [=Eldregeops] rana. The NLA thin sections also confirm that the orientation of 
calcite throughout the radial fringe can be described solely by rotation about directions 
normal to the c axis because the poles to {21�1�0} planes (i.e. the a axes) do not precess 
around the circumference of the pole figures (as would be expected if calcite in the radial 
fringe calcite were related by rotation about the c axis) (Fig. 8D). Towe (1973) showed that 
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lenses in his ‘tangential’ thin sections (equivalent to NLA of the present study) display 
extinction crosses when viewed in transmitted light and between crossed polarizers, which is 
in agreement with the microstructure of the radial fringe as revealed by EBSD (Fig. 8). 
 
Microstructure of the interlensar sclera 
In all of the eyes examined, calcite of the sclera is less turbid than in the adjacent lenses and 
is composed of irregularly shaped crystals less than 5 µm across. The sclera microstructures 
observed in PLA thin sections depend on the orientation in which they were prepared (Fig. 
2). For example the eye of Odontochile hausmanni has been cut in an intermediate PLA 
orientation such that the lenses are widely spaced in the thin section and the sclera has a 
uniform microstructure (Fig. 4A). The c axes of the constituent calcite crystals are oriented 
approximately normal to the upper and lower surfaces of the sclera, and orientation 
differences within the sclera are produced mainly by rotation about the calcite c axis and with 
a smaller component of rotation about axes normal to c. The horizontal PLA thin section of 
Geesops schlotheimi (Fig. 9) has cut the eye so that lenses are closely spaced and two 
microstructurally distinct parts of the sclera can be recognised, namely a scleral pillar and an 
alveolar ring (see also Miller and Clarkson 1980, fig. 3A). The scleral pillar is parallel-sided, 
protrudes above the visual surfaces of adjacent parts of the lenses and below their bases. The 
c axes of constituent calcite crystals show some variation in orientation but all lie parallel or 
at a low angle to the axes of the adjacent lenses. The alveolar ring lies between the scleral 
pillar and the edges of the adjacent lenses, and the c axes of its constituent calcite crystals are 
oriented at a high angle to that of calcite in the lenses and scleral pillar (Fig. 9). 
 
Microstructure of the cornea 
The cornea is rarely seen in thin section, which in most cases is probably due to its loss 
during sample preparation. At least part of the cornea is preserved in a thin section of 
Barrandeops forteyi (Fig. 10A): it is ~6 µm thick and composed of calcite crystals ~1.5-2.0 
µm across (Fig. 10B). The three layers of the cornea that were described by Miller and 
Clarkson (1980) have not been observed in the specimens examined. Pole figures of calcite in 
the cornea and in the lens immediately beneath it show that the c axes of corneal crystals lie 
approximately parallel to the lens axis, although their orientations are much less tightly 
constrained than for lens calcite (Fig. 10C, D). The constituent crystals of the cornea show 
continuous variation in a axis orientations so that they are related principally by rotation 
about the c axis (Fig. 10D).  
 
DISCUSSION 
Preservation of original lens microstructures 
Miller and Clarkson (1980) found that lenses in the schizochroal eyes of Phacops [now 
Eldredgeops] rana are susceptible to diagenetic alteration, which in some cases can obliterate 
their original microstructures. They hypothesized that this diagenetic instability may have 
been due to a high-Mg calcite composition in vivo, and this was verified by the discovery of 
microdolomite-rich calcite after high-Mg calcite within Dalmanites sp. lenses (Lee et al. 
2007). Although Lee et al. (2007) considered only Dalmanites sp., the lenses of all of the 
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phacopine species studied by Torney (2010) and Lee et al. (2012) were found to have 
contained high-Mg calcite in vivo. They showed that the original high-Mg calcite had 
recrystallized to calcite plus microdolomite by very fine-scale dissolution-reprecipitation, and 
a by-product of this reaction is the micropores that give lenses their optical turbidity. The 
sclera and the rest of the cuticle are free of microdolomite, which is consistent with an 
original low-Mg calcite composition (see Wilmot and Fallick 1989; Lee et al. 2012), and 
explains their lower susceptibility to recrystallisation.  
The lenses examined in the present study are inferred to have largely retained their in 
vivo microstructures despite recrystallisation because essentially identical microstructures are 
seen in lenses of different taxa from localities on different continents. This applies especially 
to the high convexity lenses, such as those of Geesops, but even though only two species 
were studied whose eyes have low convexity lenses, the thin upper radial fringe and 
trabeculae are common to both species, and were also found in all analysed lenses of both 
specimens. There is, however, likely to have been a variation in the degree of diagenetic 
coarsening of original microtextures. This is particularly evident within the radial fringe of 
different specimens of Geesops schlotheimi whereby the c axis orientations may vary 
uniformly or in a stepwise fashion from the lens axis to the lens edge (Fig. 3). The uniform 
variation is inferred to be closest to the original microstructure, with subgrains developing by 
coarsening during recrystallization. 
Calcite cements have adopted the crystallographic orientation of the lens or sclera 
calcite crystals on which they nucleated (Fig. 4A, B). The timing of cementation relative to 
the burial history of the rock cannot be determined in most cases, although cements in some 
samples contain micrometre-sized dolomite crystals indicating that they were originally high-
Mg calcite and so must have crystallized from marine pore waters during early diagenesis 
(Lee et al. 2012). In the case of the Odontochile hausmanni specimen, the syntaxial cements 
contain subgrains of identical size, shape and crystallographic orientation to the trabeculae at 
the base of the lens (Fig. 4B), thus demonstrating that the trabeculae were present prior to 
cementation. Crucially however the boundaries between cement subgrains lie parallel to the 
calcite c axis (and to the lens axis), whereas the boundaries between trabeculae on which the 
cements have nucleated lie at up to 40º to the c axis of their constituent calcite (Fig. 4). This 
difference in the crystallographic orientation of subgrain boundaries between the lens and 
cement demonstrates that the trabeculae grew under a biological control that was able to 
override the inorganic preference of calcite fibres (as shown by the cement) to align their 
boundaries parallel to the c axis.  
 
Mechanisms of lens crystallisation 
Most of the examined phacopine species, typified by the specimens of Geesops, have 
strongly convex lenses with a thick upper radial fringe, a lower lens unit of uniform 
crystallographic orientation that lacks trabeculae, and in some species also a lower radial 
fringe. Only the eyes of Dalmanites sp. and Odontochile hausmanni have lenses of low 
convexity that contain a very thin radial fringe along with downward fanning trabeculae. 
Here we develop the ‘locking crystallization model’ for the growth of these biconvex 
crystalline lenses. This model draws on the finding by Miller and Clarkson (1980) that the 
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lenses of Phacops [=Eldgregeops] rana grew from the cornea towards the lens base, starting 
as a cone on the lens axis that progressively widened and thickened to eventually form the 
bowl. 
The locking crystallization model assumes that the c axes of growing calcite crystals 
were oriented normal to a crystallisation surface that was advancing from the cornea. This 
would also mean that calcite a axes would lie in the plane of the crystallisation surface. In 
common with the Miller and Clarkson (1980) model the rate of advancement of this surface 
towards the lens base is assumed to have decreased progressively from a maximum on the 
lens axis to close to zero at the lens edge so that it had a convex profile during crystallization 
of the upper half of the lens (Fig. 11B) and a concave profile during crystallization of the 
lower half. If the cornea was present before the lens started to crystallize, the transition from 
corneal to lens calcite must have been accompanied by a tightening of c axis orientations and 
a change from continuously varying to fixed a axis orientations. It is unknown how the a axis 
orientation was ‘selected’ from the range of orientations in the cornea, and how this 
‘information’ was communicated between lenses so that they could all crystallize calcite with 
the same a axis orientations. Notably however the orientation of calcite in the scleral pillar is 
better constrained than in the adjacent lenses (Fig. 9), and so could have served as a template. 
Once calcite on any one part of the crystallisation surface became oriented with its c 
axis parallel to the lens axis, that part of the lens is suggested to have become ‘orientation 
locked’ (i.e. the calcite crystal structure was continuous, or ‘coherent’ over that part of the 
crystallisation surface). Note that if the calcite a axes had a common orientation over the 
entire crystallisation surface from the outset, locking would have required alignment of c axes 
only. This process of ‘orientation locking’ started at the junction of the lens axis with the 
visual surface then expanded radially outwards and towards the lens base as the calcite lens 
thickened (Fig. 11C). The lower boundary of the radial fringe therefore delineates the 
interface between ‘unlocked’ and ‘locked’ calcite, and here is called the ‘locking contour’ 
(Fig. 11). By the time the crystallisation surface reached the centre of the lens it was planar, 
oriented normal to the lens axis, and orientation locking had been achieved along its entire 
length. The lower radial fringe can easily be accounted for by ‘unlocking’ of calcite along the 
most highly curved parts of the concave crystallisation surface as it approached the lens base. 
The ‘growth lines’ seen in some samples therefore delineate the former location of the 
crystallisation surface. 
The locking crystallisation model can also account for the much thinner radial fringe 
of the low convexity lenses. In the first formed parts of these lenses the calcite c axis was 
initially oriented at a much shallower angle to the visual surface than the ~80-90º of the high 
convexity lenses (Fig. 11B) so that orientation locking was achieved by the time that the 
calcite was only a few tens of micrometers thick and the radial fringe produced is thin. 
Although the a axes of calcite within the trabeculae are slightly misoriented across trabecular 
boundaries throughout the lens, the c axes beneath the radial fringe are parallel so that 
orientation locking could have been achieved by common alignment of (0001) planes over 
the crystallisation surface but without coherency of the {21�1�0} planes. The outwards fanning 
of trabeculae can also be accounted for by the locking crystallisation model if the boundaries 
between trabeculae were oriented normal to the crystallization surface, which would have 
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become increasingly concave towards the lens base. However in contrast to the lower radial 
fringe of the high convexity lenses, the (0001) planes of trabecular calcite remained ‘locked’ 
throughout the whole thickness of the lens beneath the radial fringe.  
The process of calcite crystal growth is unknown with respect to trilobite lenses, and 
specifically whether the calcite was secreted by tissues or formed by crystallisation of an 
amorphous precursor. The latter possibility is suggested by analogy with millimetre-sized 
granules of calcite that are secreted by earthworm Lumbricus terrestris (Lee et al. 2008). 
These granules form initially as aggregates of amorphous calcium carbonate (ACC), then as 
they travel through the earthworm in the process of being secreted the ACC crystallizes to 
calcite with a radial-fibrous microstructure that is reminiscent of the subgrained radial fringes 
(Lee et al. 2008). Although granule microstructures formed by crystallisation radially 
outwards from a central nucleus such as a quartz grain (as opposed to crystallisation inwards 
from the cornea as hypothesised here for schizochroal lenses), it is clear that microstructures 
similar to those found in high convexity trilobite lenses can form by crystallisation of ACC 
and even without any direct biological control. It is also pertinent to note that these granules 
are commonly zoned with respect to magnesium concentrations so providing an analogy with 
the magnesium-rich bowl of Dalmanites sp. (Lee et al. 2007), and they crystallize within a 
matter of hours (Lee et al. 2008). Such rapid lens crystallisation would be essential for the 
trilobites in order to minimise the amount of time between moults when they were effectively 
blind. 
 
Implications for lens optics 
Results of this study suggest that the principal intralensar microstructures of phacopine 
trilobite lenses, namely the trabeculae, radial fringe(s) and uniformly oriented calcite, were 
present in vivo, and their properties can be readily explained by locking crystallisation. 
Although these microstructures are interpreted to be the by-product of growing a biconvex 
crystalline lens, below we explore whether they were also beneficial for lens optics. 
Schoenemann and Clarkson (2011) proposed a new model for the in vivo internal 
structure and function of the lenses of some phacopine species. They suggest that trabeculae 
served as optical fibres to guide light from the visual surface to an array of photoreceptors 
beneath the lens. This is an alternative to the aplantic doublet model of Clarkson and Levi-
Setti (1975), but the two are not necessarily mutually exclusive as light guide trabeculae 
could have operated in tandem with the doublet. The light guide model requires that each 
trabecula/optical fibre was enclosed in an organic sheath that would have contained the light 
as it travelled towards photoreceptors beneath. Results from the present study agree with 
Schoenemann and Clarkson (2011) and previous workers (e.g. Clarkson (1979) and Miller 
and Clarkson (1980)) that the trabeculae were present in vivo and formed during lens 
crystallization, although they are generally seen only in the low convexity lenses. The 
hypothesis of Schoenemann and Clarkson (2011) that trabeculae were contained within an 
organic sheath is difficult to test directly because although interfaces between trabeculae are 
very sharp, as evidenced by TEM (e.g. Fig. 5B), any organic material that may once have 
been present has been lost by decay. 
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Two observations from the present study question the applicability of the light guide 
model, at least to the species with low convexity lenses that were studied here. The first is 
that trabeculae never meet the visual surface, which would be required if each were to collect 
light incident on their end. Instead there is a radial fringe immediately beneath the visual 
surface so that each of the ‘optical fibres’ would collect light falling on an area of the visual 
surface greater than its diameter owing to scattering by the radial fringe. This would have the 
effect of ‘defocusing’ the image formed by the photoreceptors, although in low convexity 
lenses where the radial fringe is very thin it may have had a negligible effect on the overall 
image quality. The second observation concerns the arrangement of the trabeculae within the 
lens. The EBSD orientation tolerance mao of Odontochile hausmanni shows clearly that the 
trabeculae fan out from a point close to the intersection of the lens axis with the visual 
surface (Fig. 4B). In the model of Schoenemann and Clarkson (2011) light can enter 
trabeculae only from their ends and so in Odontochile hausmanni just the small proportion of 
trabeculae around the lens axis would be able to collect and transmit light. Although 
observations of the present study neither prove or disprove the light guide model, without 
strong evidence that trabeculae were originally enclosed within organic sheaths we conclude 
that the doublet model of Clarkson and Levi-Setti (1975) remains the best description of low 
convexity lens function. 
As the c axis of calcite within the radial fringe of high convexity lenses is oriented 
approximately normal to the visual surface, it is tempting to suggest that these 
microstructures were optimised for the transmission of non-birefringent light to the lens 
interior. However, ray tracing experiments show that only paraxial light incident on the visual 
surface in the vicinity of the lens axis would have travelled through the lens without 
undergoing double refraction (Torney 2010). These findings further support the contention 
that radial fringe microstructures are growth related rather than functional. Bruton and Haas 
(2003) speculated that the ‘growth lines’ within lenses formerly contained organic films, 
whose graded density through the lens served to focus light via their impact on refractive 
index. Although there is no evidence in the present study to challenge this ‘gradient index’ 
model, we note that although the growth lines are most likely to be original features of the 
lenses, they delineate the former position of the crystallisation surface (Fig. 11). Thus as the 
name suggests they are growth related rather than functional. 
 
CONCLUSIONS 
We conclude that the microstructures of lenses in the schizochroal eyes of phacopine 
trilobites can be accounted for by crystallization of calcite along a surface migrating from the 
cornea to the lens base. This microstructural pattern appears to be applicable across the 
Suborder Phacopina and the thickness of the radial fringe is linked to lens curvature and so is 
taxonomically controlled within the subfamily. By analogy with earthworm granules, the lens 
calcite could have formed from an amorphous calcium carbonate precursor in a matter of 
hours, thus minimising the duration of time that the animal was blind. Now that in vivo lens 
microstructures have been precisely determined, light transmission through the lenses can be 
accurately modelled, including accounting for the impact of double refraction, which is 
determined by local c axis orientations. 
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FIG. 1. Dalmanites sp GLAHM 152332, Silurian, locality not known. Plane polarized 
transmitted light image of a lens in an intermediate PLA thin section. The intralensar bowl 
and core are both visible by virtue of their greater turbidity than the rest of the lens and the 
sclera. Turbid calcite also highlights the trabeculae, which fan out towards the lens base. 
Some of the trabeculae are outlined by dashed green lines, and the lens base is marked by a 
dashed white line. The lens and sclera are enclosed within a limestone matrix. 
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FIG. 2. Geesops schlotheimi (Bronn), GLAHM 152331, Ahrdorf Fm. (Eifelian), Gees-
Gerolstein, Eifel, Germany. (A) Secondary electron SEM image of an eye on which the three 
PLA thin section orientations are indicated by dashed white lines. Also overlain on two of the 
lenses is the crystallographic orientation of calcite along the lens axis (N.B. the c axis lies 
normal to the plane of the page). (B), (C) and (D) are schematic diagrams of the eye that 
illustrate how the spacing and apparent sizes of lenses and thickness of sclera (light grey) will 
depend on its position and orientation of the thin section. A horizontal thin section (B) will 
contain lenses of equal apparent size and one of the a axes will be normal to the plane of the 
thin section. The apparent size of a lens will be greater where cut along its axis (H-1) than its 
edge (H-2). The intermediate thin sections (C) will contain lenses of different apparent sizes 
that are separated by variable amounts of sclera, and the pole to one of the {41�3�0} planes 
will be normal to the plane of the thin section. The diagonal thin sections (D) will contain 
lenses of equal apparent size and the pole to one of the {101�0} planes will be normal to the 
plane of the thin section. The apparent size of a lens will be greater where cut along its axis 
(D-1) than its edge (D-2). 
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FIG. 3. Diagrams showing the properties of the three types of lenses as would be seen in a 
PLA thin section viewed in transmitted light and between crossed polarizers. Dark grey and 
yellow areas are calcite in and out of extinction respectively. The dashed white line is the lens 
axis, the curved black lines subparallel to the visual surface or lens base are growth lines. The 
narrow subvertical black lines within the low convexity lens are the boundaries between 
trabeculae, and can be traced into the syntaxial cements. The left hand sides of the two high 
convexity lenses show the appearance of the radial fringe where it contains subgrains 
whereas the right hand sides show the fringes without subgrains. The lenses typically have a 
thickness parallel to the lens axis of ~0.2 mm.  
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FIG. 4. Odontochile hausmanni (Brongniart), NMS.G. 1963.15.69, Dvorce-Prokop Limestone 
(Lower Devonian), Bohemia. EBSD results from an eye in an intermediate PLA thin section. (A) An 
IPF map overlain on an IQ map. The IPF colour coding shows that all of the lens calcite is oriented 
with its c axis parallel to the reference direction (and the lens axis). The base of the lens, which is 
outlined by a dashed white line, has been overgrown by calcite cements, as has the base of the sclera. 
(B) Orientation tolerance map of the lens in (A) overlain on an IQ map. All of the calcite in the lens 
and cement is within 15º of the orientation of the reference point (R). Trabeculae are defined by small 
orientation differences producing alternating blue and green fibrous subgrains. The radial fringe is 
present immediately beneath the visual surface and its constituent calcite has the largest orientation 
difference from R. (C) Pole figure constructed from calcite in the central part of the lens in (B) and 
with the same colour coding. c denotes the c axis, a denotes the a axis, m denotes the poles to {101�0} 
planes, and the unlabelled points are the poles to {41�3�0} planes. The two orientations of the 
trabeculae (coloured blue or green) are clearly distinguished within the points along the equator of the 
pole figure, whereas for the c axis datapoint the two orientations are superimposed. The ‘blue’ 
datapoints record rotation of ~2º clockwise about the c axis (relative to the image as printed) and the 
green datapoints record rotation of ~2º anticlockwise about the c axis. Two of these datapoints are 
shown enlarged to the right of the pole figure. (D) Pole figure of the whole lens in (B) and using the 
same colour coding. Poles to the various planes are labelled as in (C). This pole figure shows that 
calcite within the radial fringe is related by rotation about an axis between <101�0> and <41�3�0>, and 
this rotation is asymmetric and mainly clockwise relative to the EBSD map in (B). 
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FIG. 5. Dalmanites sp. GLAHM 152332, Silurian, locality not known. Images of trabeculae 
in an intermediate PLA thin section of a lens. (A) BSE image of trabeculae close to the base 
of the lens. Trabecular boundaries are delineated by dashed black lines and the angular black 
areas are micropores. The calcite c axis and the lens axis are both oriented north-south 
relative to the image. The white bar marks the plane of a foil that was cut from the thin 
section using the FIB technique. The inset pole figure shows the orientation of calcite in this 
field of view as determined by EBSD. c, a and m denote the orientation of the c axis, the a 
axes and poles to {101�0} planes respectively. Each of the ‘a’ and ‘m’ datapoints are in fact 
two closely spaced pairs of points reflecting the fact that adjacent trabeculae are related by 
rotation about the c axis. (B) Bright-field TEM image of the foil that was cut through the 
trabeculae in (A). Its midplane is inclined at 17º to (0001). The corresponding [213�1] SAED 
pattern is inset. One of the trabecular boundaries is present (delineated by a dashed white 
line) and is oriented at ~50º to the thin section surface (on which the platinum (Pt) strap was 
deposited) and lies parallel to the traces of the (101�2�) plane and the a axis. 
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FIG. 6. Dalmanites sp. GLAHM 152332, Silurian, locality not known. TEM results from the 
radial fringe of one lens. (A) Bright-field TEM image of a foil cut from the radial fringe. The 
midplane of the foil is parallel to the lens axis. The radial fringe is composed of several 
elongate calcite subgrains that are distinguished by slight differences in crystallographic 
orientation (shown in the image as differences in greyscale). Subgrain boundaries are faceted 
and the angular white areas are micropores. Pt denotes the platinum strap that was deposited 
on the thin section surface prior to ion milling. (B) A [1�100] SAED pattern obtained from 
one of the subgrains, which demonstrates that their boundaries are parallel to the trace of 
(0003) planes and to one of the a axes (i.e. the normal to (112�0)). The white angular area is a 
micropore. 
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FIG. 7. Geesops schlotheimi (Bronn), GLAHM 152334/2, Ahrdorf Fm. (Eifelian), Gees-
Gerolstein, Eifel, Germany. EBSD results from a lens in a PLA thin section cut in the H-2 
position. (A) An IPF map overlain on an IQ map of a lens, its adjacent sclera and limestone. 
The edges of two neighbouring lenses are visible on the left and right hand margins of the 
image. Most of the lens calcite is oriented with its c axis parallel to the reference direction. 
The radial fringe contains faint growth lines that follow the profile of the visual surface. The 
base of the lens (delineated by a dashed white line) has a syntaxial calcite overgrowth. (B) 
Pole figure showing the orientation of calcite in the centre of the lens in (A). c denotes the c 
axis, a denotes the a axis, m denotes the pole to {101�0}, and the unlabelled points are the 
poles to {41�3�0} planes. (C) Orientation tolerance map overlain on an IQ map of the lens in 
(A) showing that all of the lens calcite is within 30º of the reference point (R). (D) Pole figure 
of the whole lens in (C) and with the same colour coding. The labelling of the datapoints is 
the same as in (B). The pole figure shows that most of the changes in crystallographic 
orientation within the radial fringe can be described by rotation about the a axis (i.e. the 
centre of the pole figure) and the rotation is asymmetric (i.e. a slightly greater rotation 
anticlockwise as the image is printed). 
 
 23 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 8. Geesops schlotheimi (Bronn), Ahrdorf Fm. (Eifelian), Gees-Gerolstein, Eifel, 
Germany. Thin section missing but specimen from which it was cut remains, 
GLAH152335/1, 2. EBSD results from a lens in a NLA thin section. (A) An IPF map 
overlain on an IQ map of the lens and enclosing sclera. The reference direction for the IPF 
colouring is normal to the plane of the page. All of the calcite in the centre of the lens is 
oriented with its c axis parallel to the lens axis. Around the lens edge is the radial fringe, 
which is composed of subgrains, each a few tens of micrometres in size. The orientation of 
the calcite c axis has been highlighted using the crystal model overlays and these demonstrate 
that within the radial fringe the c axis fans out and away from the lens axis in all directions. 
(B) Schematic diagram showing the orientation of the plane of the thin section in (A) relative 
to the lens. The lens has been sectioned part way through the radial fringe and at 73º to the 
lens axis. Double headed arrows indicate the orientation of the c axis of lens calcite. (C) and 
(D) are pole figures showing the orientation of the calcite c axis and a axes respectively 
throughout the lens in (A) and using the same colour coding. The fact that the a axis 
datapoints in (D) form lines radiating from the lens axis shows that there is no rotation about 
the c axis. (E) Pole figure of a segment of the radial fringe that is enclosed within the dashed 
white lines in (A). Within this figure is plotted the c axis (c), the a axes (a) and poles to 
{101�0} planes (m). The figure demonstrates that calcite in this segment of the radial fringe is 
related by rotation about the a axis that is oriented north-south relative to the image. 
 24 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 9. Geesops schlotheimi (Bronn), GLAHM 152334/2, Ahrdorf Fm. (Eifelian), Gees-
Gerolstein, Eifel, Germany. EBSD results from the sclera in a PLA thin section that was cut 
parallel to H-2. The map (IPF overlain on IQ) highlights the subdivision of the sclera into the 
scleral pillar (SP) and alveolar ring (AR). The pole figures show the orientation of the a axes 
and c axis (labelled a and c respectively) of calcite in the left hand side and right hand side 
alveolar rings (ARL and ARR respectively) and in the left hand side and right hand side 
scleral pillars (SPL and SPR respectively). Datapoints have the same colour coding as calcite 
in the IPF map. c denotes the c axis, a denotes the a axis. 
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FIG. 10. Barrandeops forteyi McKellar and Chatterton, NHM It 29000, from the Lower 
Eifelian near Erfoud, southern Morocco. EBSD results from a lens in an intermediate PLA 
thin section. (A) An IPF map overlain on an IQ map of a lens, the sclera and enclosing 
limestone. (B) Map of the outermost part of the lens in (A) and its cornea (the area within the 
white rectangle in (A)). (C) Pole figure showing the orientation of lens calcite in (B) and with 
the same colour coding. The a axes and c axis are labelled a and c respectively. (D) Pole 
figure showing the orientation of corneal calcite in (B) and with the same colour coding. The 
c axis is labelled c and the array of points at a shallow angle to the equator of the figure are 
the a axes. 
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FIG. 11. Geesops schlotheimi (Bronn), GLAHM 152334/2, Ahrdorf Fm. (Eifelian), Gees-
Gerolstein, Eifel, Germany. EBSD map and crystallisation model. (A) IPF map overlain on 
an IQ map of a lens in a diagonal PLA thin section. The orientation of the calcite c axis in the 
left hand part of the lens is indicated by solid while lines. The point beneath the visual surface 
where the c axis starts to curve away from the lens axis (i.e. the locking contour and the base 
of the radial fringe) is delineated by dashed white lines. (B) and (C) Diagrams of the lens in 
(A) illustrating the sequence in which it formed. (B) Lens calcite develops by crystallization 
of amorphous calcium carbonate along a surface advancing from the cornea, and growth lines 
mark its former position. Lens calcite thickens at a rate that is proportional to the curvature of 
the crystallization surface at any one point (illustrated by the black arrows). As the crystal 
lattice of calcite along the crystallization surface lines up, it becomes orientation locked, and 
the point in the lens where this happens is delineated by the locking contour. (C) By the time 
that the crystallization surface is horizontal, calcite along its entire length has locked (denoted 
by the total locking line, TLL). The crystallization surface becomes concave as it advances 
towards the base of the lens (not shown), and calcite may or may not remain 
crystallographically locked. 
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APPPENDIX S1. Stereographic projection (upper hemisphere) of calcite in the same 
orientation as calcite along the axes of lenses in Fig. 2. Plotted are the planes of interest in 
this study. Although the a1 axis is here oriented north-south (i.e. normal to the paraprebral 
lobe), designation of the a1, a2 and a3 axes is arbitrary. Indicated in the lower left are the PLA 
thin section orientations; the plane of the NLA thin sections is in the plane of the page. The 
coloured segment shows the colour coding of EBSD inverse pole figure (IPF) maps. For 
example, calcite that is oriented with its c axis parallel to the reference direction will be 
coloured red in the IPF map whereas calcite oriented with one of its a axes (i.e. poles to 
{21�1�0} planes) parallel to the reference direction will be turquoise. For clarity, only one of 
the six coloured segments that should occupy the entire stereographic projection has been 
shown. 
